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This m:,i}_,:_l provides the neccs_',arv background for successful oper;t-

tion of t-he: Sini:lc [(xpansJon Plu!,, Noz:;le Perfor,':mucc co_::putcr progr;ml.

The manual was prepareJ vnder (',ont:re_ct NAS9-2/,ST, l)i_;it_] CoT>putcr Pro-

grams for Rock('t Nozzle Design and An;_lysis, wit:h the NASA I,hnmed Sp_lc:e-

craft Center, llouston, Texas, and is the fifth of seveTi voltnlTcs specified

in }'arc I of the contract.
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Since plu_; no;'.;]es c;in _peratc over ;_ _..,ide r,_,,c of nlL itudcs v:lzile

sustainin_ a bitch levt:] of performnnce, it is oftc_n nece._;snrv to c:_lct, lnte

the perforrl_anct _ _c_r n _;ivcI_ plug nozzle nt off-dey;iEn conditions. This

can be appro:.:il_:;iteJ w_th the S_n_;le I;-:pans;_on P]u_' >;ozzle Perfcu-mance

co:::;,t:'._- pr_Ft.::;:, ,i!_c:h u_;o _, th(_ m,._thod c_f C}_.']!"_CtOl'i_tiCt; t-_!" y'tO.!<tV,

supersc_,n_c potenti:_l flow in developing the flow field.

A };('neral dcscrii.,tion of the types of ]_ozzle cuntours, gas models,

and starting conditions and tim (zffect of the e:.:tc.rn;,l boundary is pre-

sentvd il(_rein t.,'ittl _t detailed descr_pt_on of the order of cnlcu];_tions

ua;ed by the complete1- prey;ram, t;:vlch of [lie subrouti_nc_s used %u tile pro-

gra_:_ is di_ct_'xsed ,_nd rio:.: (I/z_/,r;mts are _tiv,._u f_,r cl,!rification. The

inpct and out:put form,_.ts for tI?e pro_;r_m ,_re incl_ded with reco:_m-ended

procedur__.s to take in the eve_?t of unsttccexsful runs.

If strot_q shoch :.:riven are encountered that cannot be nppro:.:imated

by a fo]dbaeh in the characteristic curves, the progr_m wi].] fail and

further calculations at the g_ven off-design condition will be dis-

contin,_cd.

Althouf;h a truncated p]ug nozzle contour may be used, no atte_apt

is made to determine the effects of base pressure on performance.

I-I
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The Single [C:.:p:msion }'lu F /';ozz]_,_ Pcr[nrmancc co,::puter pro!:r_m uses

till! f_I£'[.}!(K] Of C}I,q, YAC[(II"JStiiC5 for twO-dimons_oll_t], o'_ :l:-:i.';yu'ml_.'tric

potei_tia] flow to cnlcul._te t}_e s,U_er.':onic fl.o:,: jiu]d _lnd performance

for a given plu.q n(_zzle contour, gas _:_odel, ntnrtin;: condition, and

lit [ ;'_ titJt'. "J ]_C: lt_',ZZ].C J :; 7:,S:-;L':b2,[ [O (z,_ili,'t'Jb t- 1Ii[ ,! ]:',icSCtI_t. Ciil .

'Ihc r,:ain pro;'.r,;m of t:hu deck is used to control the order of calcul_-

tlOllS, t..'!lile calcul,qtion_ such _ls det:el:c, inin_; tt>,_ f]ui.d propert:ics at an

interior point of the flov: field or perform,'mc_ p._ta_>eters c,,long the

toni:our of the nt_:.::.:]c' :_.re ,:>,,de in stt.,Srotitip,_:s, whic]', :tr(: "c_]]c,d" b:; t}',e

m,uin prc,}:rnm or other st_bro'atinc:s. The function of the xu,'tin progr:_m and

calcu];_tions m,<lc therein ;ar_ dc:scribc, d Xn P,'_r,_.gc_pl_s A ::n,t B, _md t]}c

descriptinns of t. lle in,livi(!ttc!] subrotltJnc.s _rc ,%lv,;l in t_u.lgri_p}, C.

A. DOU).;J)AI{5' CO::I)] TIO::S

The first fun(-tion of tlm _;iitl p_-_,,-_e,_.......... is t_; cn]l t!tc ]_,t__'" "'-' Subro,Jt:i:_,_,

which i_itialJ.zes p_ru.!net:_,.rs ;_n,] re,'lds in tIi(_ i/lpLI[ (!,q/g?. '['}10 bC_tlll<].lt'V

conditio::s required in the i:_put are described in t:hc follov.:inu pg_,r;t--

g r g_ph s.

1. Nozzle Cont: ot_r

A typical supersonic plug nozzle contour ;_?(1 cl_r_cteristic uet at-e

shown Jn f_gt_re 1.

Tv:o types of nozzle cm_tours may be used by the pTo_;r;im.

1. A COll[tlUl" described },y the coor,Ji_,_tas of po_!Is on tltu

c,.__rvu C](', Z of fiuurc t.

2. A eonic:r_l contt_:.lr f,__i :l giw,_,. I1,_] f al,_le :_nd _,o::zle lc:_.g, th.

II-]
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A su:niconicnl cor_tour may be used by describing the coordin_tes

alemg the Jnitiat part _f the contour z_nd providing a nozzle axi,_l leni,ch ,

XCUF, great:or thgl_ the l_ast i_q_ut coordin;ite, but less thgin the coo'.-dipnte

of tim int:er:¢ectio,n of the cone ,qnd the nozzl<: ce_terline. A conical

section v:i11 then be generated tron', the last coordin;lte with the slopu

of: this point.

When coordin;,te points are specified along t:he contour, a beam fit

procedure (B'-IFIT Subroutine) is used to fit a curve through these points.

This n_ethod of curve fitting requires theft a boundary condition at e;_ch

end point be specified. In the case of the contour, the boundary condi-

Lions g]re given by the slopes of the contour at the first and last poJ_:t.

2. Gas }_o(lel

In many cases, nozzle perform,mce may be appre:,:_m,_ted by as'-;uming _t

perfect gg_.s; ip, which case on].y the specific heat ratio, "., must be input,

and the thermo:lvnamLc pr_perties are calculated by using perfect gas

relationship._;. For this condition, the local velocity is nondimensionalized

with re._pec:t t:o the mn:.:imum velocity (Vmax), The critical velocity ratio,

Wsonic, (i.e., where H = 1) and density ratio at the throat are

vson_ c - 1

Wsonic - V - -_ 1 '
max

an(1

_
o

Nozzle performance for an ideal gas (usually equilibrium or frozen

flow) may be calculated by specifying the tllermodynmr, ic properties _n

tabular forr_ :_s a function of specific impu]se. These properties may

II-3
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be obt:ained from convel_tJon::] om:-d_u_ensiou;ll co_nbustion pl-ogr;_u_s::, and

consist, of pressure, density, and local, frozen sound speed (option;7]),

as n futlction of specific iu_pul_.e. The S()N].CP SubYoutine t_eam fits tllese

,,ronerties as :_ function of .qpecif._c impulse and determines the sonic
f r

velocity anJ densit-, at the' throat:. The local velocities ,,_re then non-

dimensionalized :,:ith respect to the sonic velocity, and the thermodyn:_ni.c

p]-op,,rt:ius i_(._:: ILL ;is ;1 funct-[o:_ of the velocity c_tio.

3. Start_ng Conditions

The ._;tarting conditions (i.e., the flo:,e pr{q_ertics alon_; P1C1 in

figure 1) can be specified by any of the follov.,ins, u:ethods:

1. A given Nach line ,..:hose coordin,qtes and flov; properties are

kno'_.:n alonF the line

2. A str;_igbt: d,,,.,,-_; Nnch line (TN],IX[; Subroutine)

3. A lin(_ of constant :,Inch number (THLINt< Subroutine).

For all of ti!ese cases, the initial throat line I,ust ori_inate at point

P] in fiFure 1, z_I_clbe s]ightly supersonic.

4. External };ound:_ry

Xhe ar.:ount of e>:p,'msJon and the shape of the external or free boundary

are dependct_t upon the altitude at which the performance oi the nozzle is

to be calcu]at:ed. Although altitude also affects the pressure on the

base of truncated nozz]es, no attempt is made to ca]culate the additionul

pt_riolTm_r,ce dde to the base pressure.

*Zelenik, F. S., and S. Cordon; NASA TN D-1454 "A General I1;:.1 704 on. 7(190

Co_np'lt. Ci" I'l'O_;::_i:_! i')l." (:tl!'l!)tltilt}on Of C}_c:_uical }:,'tti ] ibrium ( ot,lpositions,

le.oc-ket Per f,._r_:.:nc_.. ,,;',d Chapm,t_n - J.'_t_,1:_,.'t- ])et:ong_t i arts" .

I L- 4
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_,,tmn e:thaustJi_; i,,_to quiescc._t air, tl_e pressure r_._::_Jns constant

along the free.bound;_ry; therefore, the altitude c m be described by the

ambient pressure with the c:.:b.au._;t velocity alon[: the free boundary c;ll-

culated for this pressure (A?.IIsv Subroutine).

B, FLO_.q ],'7KI,D CO,XSTt',UCTIO,'_

}[c_\'ip, Z 5:pet{ f[,:,:1 t?lc' _qoz21e -ontour, 5,.q,-; c_ode] , r,t :_.:-t in[: condStiop.,

and ar_bient pressure, the m_tn program procecds witli the flow field cot_-

struction a_d calculates nozzle performance. To calcul;_te perfor_cmce,

the n_ass flow rate and mini,:me,_ cross-section,q] area tire determined by

integrating #V dA a]ong the first down Nacl_ ]i>e ,'_t t't_,- throg_t ('DIFLO:', r
n

Subroutine). Then the gross thrust coefficient at t}lt, first point on

the contour is deter.,_tned by integrating the rate of chg',nv.e of c,_o_entum

and static pressure forces alongl the saT_,e do-.'n !,!:,,c:h ]tee (CTGT Sul)routiI_e).

Additional thrust is due ¢o the pressure dfs:t-ib_cion ;_,long the plt:g

contour, and is calculated for each flo_," fJe]d contour point. The PERFO

Subroutine is used to ca]culate and print: the fo]]_owing perforx_lal_ce

p ar;tlil@ t f2 r s :

1. X/R

2. Y/R

3. TAN TtiETA (Contour Slope)

4. NA('H NO.

5. P/PC (Local static pressure/chamber pressure)

6. G/e.gt,\ (Specific heat ratio)

7. AS/A ¢" (Surface area/throat area)

8. CTC ((;ross thrust coefficient)

9. C'JTi'{ (_';et thr'_,_t coeff_cic'nt)

II - .5
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The i]ow field constru(-t ion :[(..p(.nds on wh_tthov the, nc_:.:xl(, Jr; ov,:-r-

e:<pnndcd or und(,rc,::p,'indmd, <is illustrated in fizure>< 2;i and 2b. {TSil]}:

the procc, dur(, in }{XI'A:;D Stlhi-()mtine, the f]_>:,.' ,'it t:]_e thro;lt is c,>:pnndo(]

throu_:h smal 1 increm{u_t <, in re1 _"' ,, , .o,__¢\ ratio From the, o:>:p:_nsio:l point,

Vehicle Afterbodv

Plug ContLour _ _ _'_v

Fi!,_ure 2,q. Undere>:p,unded Nozzle

Vehicle Afterbody

_____ _iFree Botmdary

Plug Contour __ _._Co% _0_'* _ .....

- _;_w_" S_ ----- up _mcil Line

Figure 2b. Overexpanded Nozzle

a down H_mh ]ine B1B n (figure 3) is constructed by obtaining the inter-

sect-ion of a down Mnch line from B 1 with up Hach lines from the points

on the initial Hacli line AIA n (]NTX Sul_rout-iue). If the end of t]lc

contotll? bns not prc:viouslv, been reached, t.he down ,'-lath ]inc B]Bn is ex-

tended to the nozzle contour u:{in g the. procedure in BOUN1)I) Subroutine.

II-6
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Otherwise, tile down Hach lines in the e::pansion se(tion are terminated

at the up Math q ine from the last point on the contour.

Vehicle Afterbody

A 4

A 2

P1

B 1

B 2

B 3

B 4

B
n

-_---No_ 7.le Contour

Figure 3

After each boundary calcul.ation, a test is made to check the _txial

distance between the last two contour intersections. If this distance

is greater than a specified tolerance, the expansio_ increment is halved

and the down Mach line reconstructed. The procedure of expanding and

constructing new dmvn Mach lines is continued until Lhe expansion is

complete.

Section II (figures 2a and 2b) consists of up M_qch lines, from the

points on the last expansion line, to the free bound,_ry, as shoran in

figure 4. If thr X-coordinatt_ at any point a].on,_1 t;hc up tx_;_c}1].Jne ex-

ceeds the input va]ue of FBCU]', ca]c,:]_Jtions are di.<continued on that

line and the program proceeds to the m.xt up Mach ]inc.

II-7
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, Free Boundary----____ Veb ic 1 e Afterbod> / " " _

E 2 _ / _m/-_---Up Mach Line

-4 _'''--_._Ex p a n s io n Line

Figure 4

Section IlI (figure 21)) for an overexpanded nozzle is also constructed

with up Nach lines to the free bouncl,_ry, where the f_rst point on the up

Math line is determined by obtaining the intersection of a down Mach

line from the pruvJous up M_ch fine with the p]t,_, contour (figure 5).

This procedure is continued until the last point on the contour has been

reached.

Last bp Mach Line

P

Figure 5

II-8
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C. SIIBROUTINt':S

Since most,of the :;ubr_)utin(.s _re used many t]_::es in constructing a

flo_.., • f_eld or calcul;iting performrmce, they are discussed individually in

this sect/on. The purpose of each subroutine, tlle equati{ms used, :rod

flow diagrams are given.

1. INTX Suhrout ine

Under certain conditions, tile numerical solution of the characteristic

system becot:'_es difficult or impossible in determining the intersection of

an up and a down Mach line. These conditions n'ay occur J f the slope of

one or both of th(. blach ]ines is extremely large or small. The problem

can be eliminated by rotating: the coordinate axis when solving the

physical characteristics, and by modifying the a::Js-'m_netYic term in the

compatibility equations. The physical characteristic eqt,ations are in-

variant undc. r this transfo_-mation. The ])gfX SuI)_-outine performs the func-

tion of determining if rotation is needed, the for_ required for the

axisymmctric term, and calls one of the following subroutines:

INTI Subroutine No rotation is used and the axisymmetric term

of the compatibility equations for both up and

down Mach lines use the differential dX.

INT2 Subroutine The coordinate system is rotated and the axi-

symmetric term of the compatibility equations

for both up and down Mach lines use the dif-

ferential dX (for an up or down Mg_ch line with

very small slope).

If-10
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IIfI'3 Subroutine - The coordinate system is rotnt_'d and the" a>,i-

sytrl_,le[:t-i( tor01 of the compatibility equations

for both up and down Mach linc.s use the cliff-

erential dY (for an ttp or down Mach line with

very large slope).

IN].'4 Subrout:ine - The coordinate sy,st<,_ is rotated and th<_ _.::i-

symmetric term of the up Mach line uses dX

and the do_.,'nMach line dY (for an up Nach line

with very small slope combined with a dovm Mach

line with very large slope).

INT5 Subroutine - The coordinate system is rotated and thr: axi-

symmetric term of the up Nach ].ine uses dY

and the do_en Mach line dX (for an up Mach line

with very large slope combined with a do_.m Math

line with very small slope).

The coordinates and flow conditions (W, tan 0, and tan r_') at the

points on an up and clown Nach line must be stored into the variables

A(I) and B(I), respectively.

II-]l
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2. IN'L'].Subro_]t:ine

Civen the coordinates and flow conditions (W, tnn @, and tan &) at

two points in the: flow field not on the same Math ]ine, the ]NTI SubYou-

tint determines the coordinntes and flow conditions at: the intersection

of an up }/._ch line from one point, and a do<_'n Mach line from the other.

The known coordinates and flow conditions at points i and 2 must be

st(u-_d _nto the val-iab].es A(I) and B(]), res;pective]v. The., u_rrespondin_;

properties at the interior point, 3, (figure 6) will be stored in the

variable C(I).

2"2"2_'--_,_Q_-_Down Mach Line

3

Iach Line

Figure 6

Written in finLte difference form, the characteristic system i.s

I tan 8 + tan ._ ](Y3 YI ) = 'l _an cz _an D 1 (X3 - XI)

and (2.1)

[_tan O - tan _ ](Y3 Y2 ) = 1 + tan _ tan'eJ2 (X3 - X2)'

- = : (1-t,an c_ tan 8)Y l(X3-Xl )
(W3-W1) W tan l -t-t. n 2 0 l

and (2.2)

(W3-W2)I[9 1 ]2 + 02)[" 1 @] [" tan c_ tan O ] (X3-X.,).Lan a: (tan 03-tan , = c" (L_tan c_ _an @)Y _)
l+tan2 2

1'}_ :;ubscripts i and 2 indicate that the quantitLe_; in brac:k(.ts are

evaluated at. tllc.s_ points.

II-]3
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Solving cquat:ioi_:s (2.1) sicnlltaneclusly, t ll{' cocn'dJn_lt_:; at !)_int: 3

X 3 =

[t l + ]xyf t_ ______ .a tan 0 - I_,_n _,,

Y1 i - tan o Jan 0 1 ]- Z-f - X._

t.£n O - tan <:,. l

•+ ta_ _ [iTnej_

Z "_ = Y o

t:an 0 + t!!}! _. I

_LrF_ r_ - ra,,2 " .
+ (X3 ]<2-) L ] _ tan _ tan 0 2

(2.3)

Flow conditions W3 and tan 03 are then obtained from the simultaneous

solution of equations (2.2). Kt + K2

•l tan _ 1 + tan- @ 2

and

W tan :z i + tan" .
l

tan 83 = K 2 + W3 'W ta_, 1 + _n --2--- 1

(2.4)

•I tan 2

K l : tan 02 + W2 [ i .]

[ 9 Jl+tan'@ 2

and

+ o (x3 - x 2)

I tan :_ tan 0 |

I

(ljta:_ O' tan 0)Y J2

[ ' ]
W tan_ 1

K2 = tan Ol W] II+tan-019 ]i + -v (XI - X3)

I tan _ tan 0 ]
(l-tan <, tan 6)Y 1

1]l+tan20 1

The tangent of the Mach angle (tan cz3) , which is a function of W3, is

determined by the procedure described in TAGAL Subroutine for an ideal

gas or l)y the l)roced,u<e in the PRFCT Subroutinu for a pet-feet gas.
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Since the 0valu.:lLion of equat ions (2.3) and (2.4) gi\'cs first at:,proxi-

matJons to :{3' Y3' t g_n 03, W3, and tan 03, in,prove, d solutions are obtained

by repl.acin_, the (lUailtities in brackets with average valises; that is,

l-tan c, tan ]

[tan #] + tan _I

1/2 1-tan _ tan ] [tan 0 + t:an _] }+ []q-[an C_ tan e 3

This procedure ior obtaining the improved solutions is k-epeated until

successive values of X 3 art: within a specified tolerance,

X - X _; 0.000003
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3. INT2 Subrmltine

given the c_or(linates and flow conditions (_,.!, ton O, _]n(] tan c_) ,It

two points in the flow field not: on tl_e same Mach ]_ne, the II<F2 S_q)rout_ne

detier_ines the coordinates and flow conditions at tim intersection of an

up Nach line ft-_,r,/ one point and a down Nach line from the otl_er point,

when the slope of either },1:_ch line is very small. The kno_.rn coordinates

and f]ow conditions at points 1 and 2 must be stored into the variables

A(I) and g(I), respectively. The corresponding properties at the inter-

section point, 3, (figure 7) will be stored in the variable C(I).

1

2 f

Up Math I,Lne_/]

(a) (b)

Figure 7

The characteristic system is the same as for the INTI Subroutine

(equations 2.1 and 2.2), except that the coordinate axes are rotated.

The coordinate transformation is given by the following:

X' = X cos q_ + Y sin %o

Y' = Y cos q¢ - X sin c@,

a nd

wh e re :

tan O' = (tan O - tan _) + (I + tan 0 tan _)

the pri_ne indicates t:he rotated wulue and q3 the angle of rotation.

(3.1)
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Solving tile pl/ysical ch:lY,qct('rist_ics (equaLiot_ 2.1) ,_;iJ:_u]taneously

usins: t:|_o l'ot,qtt.d vtiluloSj tilte coordinates at: poil_t- :3' are dctcYu_inc, do

The coo_-din:_t:e ;_,:-:es are then rotnt:ed b:_cl< to t:hciY ol-igLn_l position, gH_d

the Ilov: conditions X'J3 and t,m 0 3 are obtained ;.,_ in the IN't'] Subrotltinc.
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4. INT3 Subroutine

Given the coordinates and flow (:m_ditions (W, tan 0, and tnn ,_) at:

t_,'o points in t:he flow fie]d not on the same Nach line, the IN'I'3 Sub-

routine determines the coordinates and flow conditions at tile intersec-

tion of an up Math ]i.ne from one point and a down Mach ] Jne from the oth('r

point, when tt_u slope of tit:her M.Tch ]inc 5s vcrv ];Irt4e. 'J'}:t' |.Lllo;¢i] co-

ordinates and flow conditions at points ] and 2 must be stored into the

variables A(1) and B(I), respectively. Tl_e correspond_ni; properties at

the intersection point, 3, (figure 8) will be stored in the variable C(I).

I___ "
Down Math Line _ 1

\ J

Up Math Lin_ _-_
3

\

(a) (b)

Figure 8

The characteristic system is the sarae as for the INTI Subroutine

(equntions 2.1 and 2.2), except that the axisymmetric term of the com-

patibility equations have the form

[ tan _, tan e, ]
a [(t--_m 0 + tan o,) k; 1 (Y3 - Y1 )

(4.1)

for an up Mach line, and

_[ tan u tan (} ,]

for a down Mach line.

(Y3 - Y2 ) (.',. ?)
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Because numerical solution of the physical char_cteristics is e:_tre_:,ely

difficult when tile slope of a He_ch line is ve_y 1._rge, the coordin_re a::es

must be rotated. The coordin;_te trausform;_tion and the calculation of flow

conditions are the same as present_-d in the INT2 Subroutine.

]I-21.
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.5. INT4 Subrout:i_e

Given tile coordinates and flow conditions (W, tan O, and tan c) at

two puints in the [low field not. on the s:_:ne Hach line, the I,"q'4 Subroutine

determines the coordinates and flow conditions at tt'_e intersection af an

up Mach line from ore: point and a dot<n Math line frota the other point,

v:ilcn the slope of tht_ up Hat/,. ]Jne is very small _'_l<1 the slope of the

down Mach line ve.ry ]arge. The knovm coordinates and flow conditions

at points 1 and 2 faust be stored into the variables A(I) and B(I), respec-

tively. The corresponcting properties at the intersection point, 3, (fig-

ure 9) will be stored in the \,.._rinble C(I).

Up MaChl L_p

2

-_---bown Hach Line

3

Figure 9

The characteristic system is the same as in INTI Subroutine (equa-

tions 2.1 and 2.2), except that the axisymmetric term of the co_npatibility

equation for the down Mach line is

J (Y3 - Y2 )" (5.1)
tall o' tall 8 ]

o (tT_n 0 "- tan c_) y 2

Because numerical solution of the physical characteristics is e::tre,ncly

difficu]t when the slope of a Hath line is large, the coordinate axes must

be rotated. The coordinate transformation and the calculation of flow

condit:ions are the same as presented in Lhe INI'2 Subroutine.
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6. INT5 Subroutine

Given the coordinates and flow conditions ('4, tan 0, and tan o) at tree

points in the flow field not o:i the same Mach line, the INT5 Subroutine

determines the coordinates and flow conditions at the intersection of an

up Mach line from one point and a down Mach line from the other point, when

the slope of the up Mach line is very large and the slope of the down Mnch

line very small. The known coordinates and flow conditions at points I and

2 must be stored into t_e variables A(I) and B(I), respectively. The cor-

responding properties at the intersection point, 3, (figure 10)will be

stored in the variable C(I).

3

._=--Up Mach Line

1

Figure 10

The characteristic system is the same for the INTI Subroutine (equations

2.1 and 2.2), except that the axisymmetric term of the compatibility equa-

tion for the up Mach line is

2 (tan 0 + tan cOY 1 (Y3 - Y1 )" (6.1)

Because numerical solution of the physical characteristics is extremely

difficult when the slope of a Mach line is large, the coordinate axes must

be rotated. The coordinate transformation and the calculation of f]ow con-

ditions are the same as presented in the IN'T2 Subroutine.
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7. EXPAND Subroutine

The EXPAND Subroutine calculates the flow properties at a point after

the flow lias been expanded by an increment in tile velocity ratio (fig-

ure 11). The slope, tan 0C, of the expanded velocity ratio, WC, is found

by integrat i nF

Figure 11

9

¢2_ t__LEan___ = 1 + tan- e = f(W, tan 0) (7.1)
d_,J W t a n c_ "

Using the method of Runge-Kutta over ten intervals,

].et WC - W A
h -

i0

and

W I = WA

tan 01 = tan 0 A

Solve equations 7.2 to 7.8 as j = I, I0.

K I = f(Wj, tan 0j)h

K2 = f(W.3 + h/2, tan 0j + Kl/2)h

K3 = f(W..1 + h/2, tan 0j + K2/2)h

(7.2)

(7.3)

(7.4)

II-27
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K4 = f(Wj + h, ta_ @j + K3)h

",(tan 0)' = 1/6 (K] + 2 K 2 + 2 K 3 + K4)

= + A(_ e)
tan 0j+ I tan 0j

l,I = W. + h
j+l 3

The properties corresponding; to W are
C

WC = W1 1

Pratt & _$'hitney Aircraft

}WA FR- 102 1

Volume V

(7.5)

(7.6)

(7.7)

(7.8)

tan c,C = f(WC )

tan eC = tan ell ,

and are ,_tored in the varinble C(I). Since the e:,:pansion occurs about a

sharp corner, the X and Y coordinntes remain unchanL',ud.
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8. _OUNDI) Subroutine

given the coordinates and flow conditions (W, tan 0, and tan o') at

point 1. (figure 1.2) near a physical boundary, tile BOU:<I)I) Subroutine

determines tlte corresponding values at a boundary point 3, which is the

intersection of the down Math line from point I with the contour of the

nozzte.

1

3

Mach 1,i ne

Y = f(x)

Figure 12

The coordinates and flow conditions at the interior point 1 and the

previous boundary point 2 are stored in variables B(I) and A(I),

respectively. The calculated values at point 3 are stored into

variable C(I).

The boundary is represented by the equation Y = f(X), and is evaluated

in the EVAL Subroutine. The necessary first guess on Y3 is the Y-

coordinate of the last calculated point on the contour.

An iteration on equation (8.1) is required to determine the coordinates

X3 and Y3.

X 3 = X I +

Y3 = f(x3)

Y3 - YI

[_an 8- tan ce O]
+ tan o tan i

(8.1)
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After two successive values of Y,.{ ;ire witl_in ,q tolerance of 0.0()()005,

the flow conditions are calculated by

d

tan 03 = d'--X f(X3)

W3 = W1 -

[]" ] e] [- tan &' t:an _ ] (Y3-Y].)
• (tan 03-tan O1)-r_ (tan O-Lira o)Y 1A- tan 2 1

Tan o 3 is a function of W3, and is calculated in TAGAL Subroutine for an

ideal gas or in PRFCT Subroutine for a perfect gas.

Improved solutions arc obtained by replacing the quantities in

brackets with average values as do.scribed in the lErfl Subroutine.

procedure is repc_ated unt:J ]

W W -1 _-:.q 0.000005.

]-'h L_
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9. FRIiF Subroutine

Given the coordinates and flow condftJons (W, tan @, and tan .._,)at

point 1 (figure 13) near a free boundary, the FREE Subroutit:e determines

the corresponding values at a boundary point 3, which is the intersec-

tion of the up Math line from point 1, and a boundary of constant pres-

sure (or velocity).

3 _¢.Free Boundary of

--- Constant Velocity

2

ach Line

Down Mach _ \ /

Line /_

Figure 13

The coordinates and flow conditions at the interior point 1 and

the previous boundary point 2 are stored into w_riables A(I) and B(I),

respectively. The calculated values at point 3 are stored into the

variable C(I).

Since W and tan _ are constant along the free boundary, these

parameters are set equal to tile values at point 2. The coordinates at

point 3 are calculated by

tan c_ tan 0 1

X 3 =

[tan 0 + tan c_ ] - It O]t'l ' [ tan cz tan 0' an 2
l

and

Y3 : Y2 + (X3 X2) [tan 0]i

(9.1)

II-33
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Pratt ,._':_V_'tlit hey I::I ilc'r_lt
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tan
0 3 :_ t_n Ol ') ....._.: t:_n 1 :: (t_,_ 0-t,'_n :.) 1

+t an- 1
(Y3-Y 1) I •

I_nproved solutions are obtained by replacing the quantities in br;_cl..ets

with a,x'cvai,,t' values as described i.n the IL'T1 Subro_tine. The procedure is

re])t:,:[L!(i uIILi l

1
:_ 0.00005.
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(;U_:b% : O.

(-(.it - >(4)

c(5) = r,{_)

T1 : 1",(_,)

T g _{+\(3) + A{'_;),(I -A(£}:::A(3)}

"i', :: i,l(t +A(3) z)

3'4 = A(4).,".{ _:,)

T% : A{_)'r;',(;_)/({,\(Ii*A(%)):=A(2))

VARYZ = T2

VA._{_¢ 3 : T3

V A R 3" I = T 4

VARY5 T5

,:{l) +(I_(2)-.,{ t)+,\{I1 :'V._\ RY2-t_( I} : VARY I)/(VARYZ-\ AItYI) I

(z(2) : .%(,z} + (c(t)-P,(1)) VAP, Yt

C('_) - ,\(3) + ((((4)-A(4I),'VA,rty4-1-'(LCON::'V,+"RYG':=(C(,_)-_,(Z))) VARY_

1
j c:I,.:+;_= <_l-_+u,,-,: J

+-
G UE:4S C(Ij

VARY1 : . %::{TI + C(_))

VAF, Y2 : . 5:,('rz + (C(3)+C(BI}/(I-C(5)::_C(3}})

VARY?, : . 5::(T3 + 5. /(1. _ C(3)2))

V,XRYi -5::{J-4 4 C{I)::C(5}1

V,\R+f% - . <::_[+i'5 * C(3):((q)/((C(3)+C(S)):::C(2)})

PRINT OUT "ITERA'I ION _'AILURE

IN FRE}L I_OUND.,\P,Y SUI;ROUTIN["

i i[ TE,qT: 0. ]..

643007

FD 8939
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10. 17.ffI,INE Subrout:ine

Depending on the value of TF, the "DILINE Subroutine calculates a

starting down Hach line that ILas either a constant Hach number or a

constant slope (a straight line). The straight Hath line is limited to

a perfect g,'_s model. For both options the initial coordinates along the

contour must be stored in X(1) and Y(1); the calculated Mnch line with

NUH poi:_ts is stored in BI,(I,J), beginning at the ey:p,qnsion point at

the end of the vehicle afterbody.

The following procedure is used to develop a down Mach line of con-

stant Mach number from the vehicle afterbody to the plug contour. As

a first approximation, the initial coordinates of the contour are used

as the intersection of tim starting line with the contour. Since the

Mach number is constant along the starting line, the values of tan oe

and W also remain constant.

Using the method of Runge-Kutta for two first-order differential

equations, the Y coordinate and tan 0 for additional points on the Mach

]ine are calculated by integrating

and

dY tan 0 - tan c_

dX 1 + tan ce tan @ '

dX

tan C_ _an 0 (1 + tan 2 O)

Y (1 + tan o' tan O)

If, after calculating the intersection of the starting line with the

Y-axis, this point is not within ± 0.0000001 of the value of 1.0, the

initial point of the starting line must be shifted along the contour and

a new Hath line constructed. This procedure is continued unti] tim

above tolerance is met.
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Machine Po_/tic_h / I Final Calculation of

_172__/ I Starting Mach. Line

Figure 14

For a straight down N._ich line from the expand, ion point at the end

of tile vehicle afterbody to the first input point on the plug contour,

the slope of the Mach line is

1.0- Y
dY 1

dX O. 0 - X 1

Since the slope, tan 0, at the first point on the contour is known,

the Mach angle and velocity ratio, tan 0( and W, at that point can be

calculated by

and

tan 0 - dY/dX
tan c,' =

I + (dY/dX) tan 0 '

w = f(t,'._a)
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If tan o' is negative, the first point on the contour is shifted to

the right along the contour by DEI,TX until tan _ is positive. In incre-

ments of /_X, additiona] points along the straight M_ch line are calculated

by the following procedure.

Xi+ 1 : X.]_ + LX

Using{ the method of Kunge-Kutta , tan _' is calculated by integratin}_

dX

{dY )tan O' _Zf + tan 0

i + ('Y+I/Y-I) tan _ &J

The Y coordinate, tan O, and velocity ratio are calculated by the

following equatLons:

dY

Yi+l :: Y + LX ---i dX '

dY
--- + tan
dX

tan e = , and
dY

1 - 7X tan c_

W

9

= 1 + tan- O_

_+]
tan2 <_

+ 1
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ll. PRFCT Subroutine

The I'RFCT SubroukJnc i.,; made up of .four p_,rfect_ gas relat. Jonsl_ips,

t,:hich arc a function of velocity ratio and a coiistglllt ,specific hi:at ratio.

Del,endin Z on the_ value of the paratneter (L), this subroutine calculates

either tan a, ratio of static to total density', ratio of static to total

pressure, or Mach number.

The following equations are ewlluated by the PRFCT Subroutine.

1 - V 2

tan ce =._,/ -2 [_7"-+ 11 (L = 0)
V W I'¥- i I - i

I

p/p = [l - W2] Y - 1 (L = 1)
0

7

P/P = [i W 2] Y - i (L = 2)
0

1 - W 2

The following is an explanation of the subroutine call list.

L

Q

T

- Indicates parameter to be calculated

- The known or input value of velocity ratio V/V
max

- Variable that will contain the calculated value

TEST - An error signal in case of a subsonic velocity.
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I.

GAMMA

T = [1. _Q2] G.%.MNIA- I.

1. -0 L

I =C '_' <'--*i
___2LL t._':L__ ':_ Q_ - I.
C;,%'.'L_.'_ - 1

T =

---K --c_-

T EST = - .

I !

TEbT = 0. J

640506
FD 8555
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For an ideal gas, the TAGAL Subroutine is used to ca]culate tan a a_

a function of a kno',,.-,_ velocity ratio (W = V/Vsonic). For the option where

the local frozen _ound speeds from the Cable of gas properties are llOt used,

V'- W2 - l
soni c ']1dP/dW

A beam fit evaluation of the gas properties is necessary to determine

dl I (*_' •the values of d_,/d'd and _' ""

If the local frozen sound speed option is used, then

[

°= / I _2 'tan

W/c j - 1
LVsonic

where the local frozen sound speed (c) is also determined from a beam fit

evaluation of the gas properties gable.

The following is an explanation of the subroutine., call list.

_;WA ],U

T VA LU

TEST

- The l,.novm va]ue of velocity ratio

- Value of tan _, corresponding to WVALU

- A signal that the input velocity ratio is subsonic.

TEST = -i, subsonic; TEST = 0, supersonic.

If
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YVALU E : I.
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TL'S'I : 0. 0

.: < CALL[ss]BMEVAL )

1
|.
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For an idc;_l gas, tile SONICP Subroukine is called to adjust tile units,

determine the sonic valu_,_s, and "beam fit" gas properties. Correspondin!,,

wllv, es of specific inpul_e, )bf ,sec . density, Ibt,/ft 3 ; pr_ssure,
bm '

(lbf/in2); and local frozen sound speed, (ft/sec), tuust be stored into

va_::o.blcs W(1) , RO(I) , I'(1) , and VS(I) , respectively. The subroutine

2
9 ibf sec

converts the units of pressure to Ibf/ft _ and density to
it 4

If the program is to calculate local sound speeds, the pressure and

density is beam fit as a function of specific impulse to calculate the

• r. tsonic velocity at the throat The sonic I is _Irs bracketed by two values
S

of specific impulse and a halving process is used until

dP/dI
S

dp / dl
S

- V 2 * 0.00001
sonic -

where :

Vsonic/g o is the value of Is at which dP/dls and cl;/dIs are evaluated.

The velocity and density at this point are stored into variables SONICV

and PHOSON, respectively,. All of the specific impulse values are converted

to velocity ratios by, dividing each one by the sonic I . The pressure a_.M
S

density is then beam fit again as a function of velocity ratio.

For the option where tile local frozen sound speeds are used, the curve

of c vs W is beam fit for the purpose of evaluating the local speed of

sound throughout the flow field. Also, the iteration to detern_ine the

sonic velocity, at the throat is eliminated because this value is given in

the input.
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]/4. _2,IBV Subroutinc

For an ideal gas, the A:-IBV SkilJi'oukJi]_ det_r;_inos the velocity ratio

correspondLnB to an input value of pressure (I'A). From the beam fit. of

P vs W, PA is bracketed by evaluating the curve at increasing values of

ld. A halving procc_ss is used to determine the value of the velocity

ratio corresponding to PA and stored in WN.
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15. ]_IFLOW Subrout i ne

The "I_IFI,OW Subroutine calcuates the _ms. _, flow across tile starting

down Mach line to determine throat arua (A*). TILe starting Mach ]ine

must be stored in the two-dimensioned variable BI,(I,J), and the total

mass flow through the nozzle is stored into _'MI"L0i,_.

To calcu]ate the mass flow for an axisvmmetric nozzle, the follow-

ing equation is integrated a]ong the starting down Mach line.

• e
uJ = W tan o tan 8.-tan G

For two-dimensional flow, the 217Y term is omitted.

The increment of mass flow between the first two points on the Mach

line is calculated by trapezoidal integration. In the above equation,

let Q represent the quantity in parenthesis; then the first mass flow

incre_ent is found by

(Q] + Q_ Xl)_2 = 2 (X2 -

The remaining incre_uents of mass flow, as illustrated in figure 15,

are determined by the parabolic integration of equation (15.1) for each

point on the starting do<.m Nach line•

Q

I I I
I £y I LY ,. I

----y

Figure 15
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16. CTGT Subroutine
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Volume V

The gross ,thrust coefficient at the first contour point is calculated

by the CTGT Subroutine. In this subroutine, the starting, down Mach line

is expected to be stored in BL(I,J), and the calc111ated thrust coefficient

will be stored in the w_riable CTG.

For a perfect gas and a::isymmetric flow, the zross thrust coefficient

is determined by integrating the following equation along the starting

Mach Iine :

CTGT f_. [ t_n g _I2 ] P 2,,-Y dY= tan _ - tan 0 _ + 1 }-7- •
O

For an idea] gas nnd axisymmetric flow,

= tan a tan 0 P W- V 2 + P

C,fG T - sonic 277Y dY.A>_- PC

For either gas model and two-dimensional flow, the 277t' ter,,,_in the above

equations are omitted.

The same integration procedure as explained in the 2%[FLOW Subroutine

is used for solving the proceeding equations; that is, use trapezoidal

integration for the first increment on the Mach line and parabolic

integration for the remaining increment.

<
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17. PERFOR Subroutine

After the flow conditions at each Mach l_ne intersection with the

contour have been determined and these values stored into variable C(I),

the PERFOR Subroutine is called to calculate and print the performance

at this point. For parameters that require integration, trapezoidal

integratimn is used for the first intersection, and parabolic integra-

tion is used for the remaining points. The following are the nine

parameters printed at each contour intersection.

PP,F (1)

PRF (2)

PRF(5)

PRF(6)

PRF(7)

The ratio of the X coordinate to the throat radius

as stored in C(1)

The ratio of the Y coordinate to the throat radius

as stored in C(2)

The slope of the contour or tan O as stored in C(3)

f

The Maeh number calculated by M =_/1
V

where tan c_ = C(5)

1

2
tan C_

The ratio of static pressure to chamber or total

pressure, a function of W = C(4)

The ratio of specific heats that is input for a

perfect gas, but for an ideal gas _/ =c 2 P/P

The ratio of accumulated surface area to the throat

area (A*)

For two-dimensional flow, A s/A* = I/A* fds

For axisymmetric flow, A s/A* = 2g/A* f¥(ls
where: ds = _(dX) 2 + (dY) 2
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The gross thrust coefficient where tl_e value at the

first point is stored in CTC

For axisy_nmetric flow, CTG = CTG -_ p A* 2TrY dY
o

For two-dimens_onal flow, the 2_'Y term is omitted

PRF(9) The net thrust coefficient, which is the CTG less (I)

fricti_n dr:_g along the contour, and (2) subsonic

losses. For a perfect gas and .qxisymmetrJc flow,

the frictional drag coefficient is

Cf P I'U Y

DI_G = 1/2 P . A* 2try dY
o

where: the coef£icient of friction (Of) at each

point is determined from

[,+
= Cfi

The equation for two-dimcnsSonal flow is the same

except the 2_" term is omitted. For an ideal gas

f W2 V 2 p
Cf sonic 2_" dY

DRAG
i/2 P . A*

o

Again the 2_f term is omitted for two-dimensional

flow.

The subsonic thrust coefficient loss is an input

parameter.
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18. EVAL Subroutine

For a given value of X, the EVAL Subroutine either calculates the Y

coordinate and slope of a conical nozzle contour, or calls the BHEVAL

Subroutine if the contour has been beam fit. If the value in INCP _ 1,

the following equations are used.

Y" : Y1 - Xi) Y'i - (Xl "

The value of Y' is the slope of the conical contour and must be

stored in BSLOPE.
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19. BMf'IT Subroutine

The BMFIT S ubroutin_ is used to calculate sets of cubic coefficients

for a spline culve fit through a series of input point_;. This method of

curve fitting, commonly referred to as beam-fitting, is derived in Volume

I. The calling sequence for the subroutine is:

CALL B,'4FIT (L,N,X,Y,EO,LN,A,B,C,D),

whL_re :

L- A fixed point variable denoting one of the following moment or

slope end-condition options

L = i M 1 = SO and F_ = EN

L = 2 M I : EO and Ft_ = F__ I

L = 3 H]. = EO and Y'N = EN

L = 4 M i = M 2 and M N = EN

L = 5 M 1 = N 2 and MN = )__1

= " = EN
L = 6 M I M 2 and "IN

L : 7 Y_ = EO and M N = EN

e = 8, Y_ : EO and F_ = F_q_l

e = 9, Y_ = EO and Y_ = EN

N - A fixed point variable equal to the number of points to be fit

X- A single dimensional array containing the values of the independent

variables

Y - A single dimensional array containing the values of the dependent

variable

EO - The moment or slope at the leading end as required by the options

L.= 1,2,3,7,8, and 9. (EO is zero for L = 4,5 and 6.)

EN - The _uoment or s]ope at the trailing end as required by the options

L = 1,3,4,6,7, and 9 (FN is zero for L = 2,5, and 8.)

II-57



Pratt g V_'l-,itney I::tircraft
Pl,',b\ t:R- I b'2.1.

Volume V

.th
1"|. - "£]lc moul_,nt aL the 1_ contoul: point

1

' th
Y'. - 'fhCt slopl' qL" the J_ cont.:our poinL1 "

A set of coclf£cients is calculate.d for the interval between each

input point_ and then stored in the one dimensional arrays A, B_ C, and

th
I). For the ]. interval,

Y A . X 3 . X 2: -F B + C.X + D.
i ] ]- l
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i ]I':?-_ 3"(I,oI,13)- £_-I

F;CI : (I,-11/5

A(J) : X(J) - :,:(J-i) ]
o(J):(Y(J)-5 (J- lh/:\(J)/

(
E

:>

CU;) : ;. *(._I.0PL:N-J3(N))/A(N) ]
i K_ N

, KI:I

T:2. *(A(:';)*A[t-;-IJ)BIN') = SI.O! .".'4

T 3 *A(,'0+:_(:Q-I ,AfT-;-l)S.I,OPEN = 0 E/

I

C(:',r-li:(6 *(DfN)-D(N-1II-SLOI'F:N_:A(ND} /T

B{N-1):A<N- I)/T

K]_N-I

KI=Z

©.
K:N-J

1' 2 .(A(KI'IA{K+I)}-A(K+II*B(K+I}

BILl A(KI/T

C(K) -(6 t {L_(t;+I)-DEK)}-A(K+I)*C(H+I))/T

I
A

i
B{|)KI .(6.2 '((D('_)'SLOPF(-)}-C(2)'::A<'P')))/(A{Z)*{2 -B(Z))) ]

i%(I} : SzA2i-'L:O

BIP) : C{Z)->(z)ap,(1)

B(lj=(t, *:(D<3)-D(Zi)-A(_,)*C( 51)/'(3 _A(Z)+A( '_)*(.:. -I't{3)))

B(Z)=t_(I)

TA : 6. *A(J)

TM : B(J-I)*X(J)

TN = X(J-I)',B(J)

+©
G,

[ _,u):cIJ)-.",IJl_B(J-ll]

¢.
TX : ×(J)*(X(J)-X(J-l)-X(J-I}) .

TY - X(J-I)*(X{J)+XIJ}-X(J-I))

A(J-I) : (P,(J)-B(J-I))/TA

C{J-I)-D(J)+(I_{J)*(-TX)+2 *X(J-I)*TN-B(J-I)_TY-2 *X(J)*TM)ITA

B{J-II-ITM-TN)* $ /TA

D{J- 1 ) - (T .": _ T N+T Y*TMI/T A + Y ( 3 - 1 ) - X( J - 1 )_ D(J)

E

T

IJ

R

N
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20. _IEVAL Subroutine

After a curve that is represented by a set of input coordinate.s has

been fit by the B._II-']_TSubroutine, the BMEVAL Subroutine is used to e\,a]_l._te

the curve and its first (leriw{[ive for a given value of the indc.penden[

AX 3variable. The su[)routine solves the cubic equati{n-_ Y : + BX" + CX + i]

after scare|lint- for the set of coefficients corresponding to the given

v_]lue of the independent va]-ial)le.

The eleven par_mleters that make up the ca].l list of tile BMEVAL Sub-

routine are as follows:

N The number of coordinates describing the curve

X - Contains values of the independent variable in increasing

order (maximum of I00)

Y - Correspondin Z values of the dependent variable (maxiii',um of i00)

VALU - Value of the independent variable at which the curve is to be

evaluated.

L - Error signal

L = -i, curve is out of range to the left

L = O, curve is in range

L = +i, curve is out of range to the right

A,B, - Contain the coefficients of the cubic equation for interwlls

C ,D

between each input coordinate (these coefficients are calculated

in the BMFIT Subroutine)

YVALU - The calculated value of the dependent variable corresponding to

VA LU

DERIV - Calculated value of the first derivative corresponding to VALU.
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INPUT OUTPUT

The IXPUT Subroutine is used to initialize constants and to load

the input data. After loading th_ required input, this subrouti_e reads

any of the optional input with a scatter ]oading feature that terminates

with an ENI) card. The following is a detailed outline of the input pro-

cedure. A sample input sheet: is shown in figure 16, which corresponds to

the output results given in Paragraph B.

A. INPUT FORMAT

All data cards must contain the FORTRAN variable name in card columns ]-6

(adjusted to the ].eft). For single-valued variables, the number _nust be in

columns 7-16. For variables containing more than one value, the numbers

are in field widths of ten columns, beginning in column 7 of each card

(6 per card). Depending on the contour opti_n and the gas model option,

the parameters under Required Input must be input and in the order listed.

The Optional Input has no partic:ular order, and is terminated by a card

with END in columns I-3. Each Optional Input variable will equal the

built-in value, unless another number is input.

restored between multiple cases.

I. Required Input

a. Gent_ral

TITLE --

PA

FBCUT --

The built-in value is

Any information to be printed as a heading at the begining

of the output will be placed in columns 7-72.

Ambient pressure ratio, Pa/PC.

Cutofi value of X/R t along free boundary
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b°

C °

Co[ltOtlr

XNCP -- The number contour coordinates.

XNCP = 1.0, Conical nozzle

XNCP > 1.0, Contour is beam fit.

Pratt & VVtfitney Rircralt

t'WA I"R- 102 l

Volu:ue V

If XNCP --:1.0

X -- The first X/k t value on the. contour

Y -- q'hc correspo,_lding Y/R t value

BSLOPE -- The contour slope in degrees (must be negative).

If XNCP > 1.0

X -- The X/R t values in iucreasing order

Y -- The corresp_mding Y/R t values

BSLOPE -- The contour slope at- the first X/R t

ESLOPE -- The colqtotlr slope at the last X/R t

Gas Model Option

(i) Perfect Gas (Constant Specific Heat Ratio)

GAFIMA -- Speci fic heat ratio

(2) Ideal Gaa (Table of Gas ProperCies is Required and Must Follcw

the END Card)

(a)

(b)

Local Sound Speeds Calculated by Program

XN -- The number of cards in the table of gaa properties

PC -- Chamber pressure, psi

Local Frozen Sound Speeds from Table Are Used

FROZEN -- Must be non zero

XN -- The number of cards in the table of gas properties

PC -- Chamber pressure, psi

III-3



2. Optiona] Input

Name

TF

FCON

FRRINT

CUTTOL

CF

DRAG

DELl%,_

CYLHT

DELX

Bui ] t -In

Va ] uc

1.0

1.0

0.0

.0001

.003

.011

.01

Pratt &Whitr_ey Aircraft

PWA t,'l_- ] _t2 ]

Vo]umc' V

De_;cription

TF = 0.0, A starting Hach ]ine to

be loaded into BL(I,J)

TF = 1.0, Program calcu]ates a straight

Mach line (for perfect gas only).

TF :: 2.0, Pro:<ram ca]cu]o, tcs a blach

]ine of constant blach number.

desired Mach number is in "I_.

The

If a starting ]ine is to be loaded, it must

follow the tab]_, of zas properties; or for a

con';tank GA/,RdA it follows t:hc END card

FCON : 1.0, Axisymmctric flow

FCON :: 0.0, Tveo-dimensiol:a] flow

Number of point:s on starting Mach line

Exit value of X/R t along contour.

If nothing is input:, XCUT is set equal

to last: X value for beam fit coutiour

or XCUT is the intersection point of

contour and mJnimuln Y/R t (CYLHT) for

conica] nozz]e.

FPRINT : 0.0, flow field is not printed

FPRINT = 1.0, flow field is printed

Tolerance on cutoff iteration

Incomprussible coefficient of skin

friction along contour

Thrust loss at the throat

Expansion increment of ve]ocity. If nothin Z

is input ,

DELTW = .01 for a perfect gas

DELTW = .005 for an ideal gas

Minimum value of Y/R t alon_, contour

Maximum distan(:e between acljacent

Mach lines alon_, contour
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Name Bul I t- In
Value

WTOL . 000005

TM 1.005

TOL . 0000001

DELTX .001

PIII -. 5
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Description

Iteration tolerance on Mach ]ine

intersection

Hath number for a constant Hath number

starting line

Minimum Y/R t distance between startin:q

line and expan:¢i¢_n point

X/R t increment to shift starting Math

line

Angle of rotation for interior inter-

sections, radJ arts

A card with END in columns 1-3 must fo]low the last optional input card.

For an idea] gas, a table of gas properties must be input. The first

card is a title card describing the gas model, and tb_ second card con-

( lbf-_;°c )rains in co]umns 2-15 the specific impulse, _ , at the throat.

Each of the remai_ing cards must contain corresponding va]ues of specific

impulse Ibm , pressure (psi.), and density (ibm/ft 3) in columns

2-]5, 16-29, and 30-43, respectively, with the local sound speed (ft/sec)

in columns 58-71.

If a starting dowq_ Math line is to be input:, the values of X, Y, tan 6,

W, and tan c_ at each point on the line must be on a separate card with

the numbers in field widths of ten beginning in column 7. The first six

columns of each card is used to identify the FORTRAN variable (BL).

B. OtJTPUT DESCRIPTION

The first page of the output includes the title, values of important

input parameters, an evaluation of the nozzle contour if any portion ha:; bucn

beam fit, and the values of X, Y, tan 0, W_ and tan ca'at po'ints along the

start-inl; do'_m Math line. If there is no fJow fiu]d printout, the fo]]owJnf,,

lines of output are the nine performance parameters at points of Math

llI- 5
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line intersections with the contour, as e::plaiued in t}l{,.PEI{I"OR Subroutine,

and points along the fre<__ bouE1darv. A sample of the program output is

shown in figure_ 17a, 17b, and 17c.

C. PROCEDURES FOR CORIiI!CTING PROGRA,M FAILLU{ES

After thoroughly checking the input when a program failure occurs,

the beam fit contour shou]d be carefully inspected. Because the beam fit

_rocedure forces a continuous curve to pass exactly through each input

point, a small error in any of the X and Y values can cause waves in the

contour. It is often helpful to make an enlar2,ed plot of the contour to

smooth the curve and read the input coordinates more accurately.

Listed below are several types of program failures with explanations

and corrective procedures.

I. Crossing of Like Mach Lines

If the cow,tour curve is an accurate representation, the crossing of

like Math lines is normally legitimate and indicates a strong shock in the

flow field. A weak shock can occur and cause like Mach lines to cross,

but the program will not fail. In this case, the Math lines will fold back

and the remaining results are still comparatively accurate. Another case

of crossing Math lines could be an incorrect starting Math line.

2. Negative tan _

This failure is caused by an attempt to calculate tan o' from a subsonic

velocity. Usually, this happens only when a strong shock occurs.

3. Iteration Failure in the Interior Subroutines

If after i00 iterations, the solution of a Math line intersection has

not converged, the program will fail the case. If the convergence toler-

ance is not to() small, this failure is normally the result of either too

large a mesh size or a bad choice of rotation angle. The mesh size is

III-6
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made smaller by increasing the :::.::::betof points on the startling Math

1.ine, decreasing the maximum eli sta::cc between adjacent: Mach l_::cs along

the contour, or decreasing the e:,:p_:nsJon incremc::t. If the' coordinate sv.qtem

is rotated to avoid the position of a Mach line, the slope of the opposite

Mach line can be rotated into an undesirable position. A better choic'c

of rotation ang]c can be J:_put for PlII.

4. Iteratio:: l":_ilu;u i:: -bOU::DI) Subroutine

This is duo. to a discontinuity or poor curve fit of the nozzle

contour. This iteration w_]l also fail if the mesh size is too large.
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Vo]umc V

API'F'(1)]X A

S h_ll}OL, TA])LE

Theoretical throa_ area

],oca] speed of sound

Coefficient of friction

Gross thrust coefficient

Net thrust co_ific'ie:It:

Specific impulse

Mach number

Pressure

Maximum velocity

Sonic velocity at the throat

Velocity ratio; either V/Vma _

Mass flow rate

Mach angle

Ratio of specific heats

Density

= ] for axJsymmetric flow

= 0 for two dimensional flow

or V/V
sonic

Angle between velocity vector and axis of symmetry

A-I



Variable

AI

A2

A3

A4

AL

ASTAR

B1

B2

B3

B4

f

Dimension

I00

100

i00

i00

200,5

]00

]00

I00

i00

AP}"ENDIX B

FORTRAN k_'bli_;Ol, TA%I,E

Pratt & Whitney Aircraft
I'WA 1:1{-]021

Volume V

Desc ription

Coefficients of X 3 from contour beam fit

Coefficients of X 3 from p vs W beam fit

Coefficient-s of X 3 from P vs W beam fit

Co_,.ffi_ci_its of X 3 fr_.>n_c v-_ _,Ibeam fit

Variable used to suore X, Y, tan @, W, and

tan a' on a down Mach line

For stot-ing X, Y, tan _), W, and tan ca'at a

point on an up Hath line

Ti_eoretical t!;roat area

o
Coefficients of X _ from contour beam fit

CoefficJ. ents of X 2 from 0 vs W beam fit

Coefficints of X 2 from P vs W beam fit

Coefficients of X 2 from c vs W beam fit

BL

BSLOPE

C1

C2

C3

C4

CF

CIIECK3

200,5

I00

I00

i00

I00

Variable used to store X, Y, tan e, W, and

tan ce on a do'_.:nMach line

For storinz. X, Y_ tar_ O, W, and tan c_ at a

point on a down Mach line

The initia] slope of the contour

Coefficients of X from contour beam fit

Coefficients of X from c vs W beam fit

Coefficients of X from P vs W beam fit

Coefficients of X from c vs W beam fit

Incompressible coefficient el skin friction

Indicates tl__, fina] coilt-our point has been

calc,,_lated i:l Section II] of the flow field
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Variable

CL

CTG

CUTCItK

CUTTOL

CYLHT

DI

D2

D3

D4

DELl4

DELTX

DELX

DL

DRAG

D

ESLOPE

FBCUT

FCON

FPRINT

D ime n s i o n

200,6

100

I00

i00

I00

200,5

Pratt &Vqhitney t::lircr_ft

PWA I'tl- 1021

Volume V

1)escription

Variable u.;cd to store X, Y, tan 0, W, and

tan _' aloi_g the free bo,.mdarv

For storip,_; X, Y, tan 0, W, and tan c_ usually

at a point of Hath line intersection

Gross thru.;t coefficient at the first contour

point

Signal inside the BOUNDD Subroutine to in-

dicate input_ c_,:',tc, l_r ba_; bccl] e,iceodt,d

Tolerance for the cutoff point iteration

Minimun: Y/R t value for the contour

Contains constants Irom cont:our beam fit-

Contains constants from 0 vs W beam fit

Contains constar_ts from P vs W beam fit

Contains con._;tants from c vs W beam fit

Expansion increment of velocity ratio

Shifting increment of _,X for starting

Mach line iteration

Maximum distance between Mach lines along

contour

The last do_ Mach line in the expand;ion

region

Accumulated drag a]ong the contour

For storing X, Y, tan 0, W, and turn o' at

previous points along the contour

The end slope of the contour beam fit

Cutoff point along the free boundary

Indicates either two-dimensional or axisym-

metric flow

Indicates whether flow field is to be printed
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Vari ab] o

FROZEN

GAMMA

INCP

Jl

NCP

NFBP

N

NL_I

PA

PC

P

RHOSON

RO

SONICV

TF

TITLE

IN

UNEXP

VS

WN

Dimension

100

i00

10

I00

Pratt 8, Whitney Rir(:rd_
PWA Ftt-102]

Vol um_, V

Descri l)t_ on

For thee ideal, gas optioil, this indicates

whether local frozen sound speed is u_ed

Specific heat ratio when con:;tant

Fixed point value of the number of points

on the contour

Number of the first supersonic velocity in

the tabic c_f ,_:ns prcc,ert, ies

Number of points input: for the contour

The number of free boundary laoints

Number of cards making up the table of gas

propertie_s

The number of points on t.h.,_ starting do_.m

Math ] in___

Ratio of ambient pressure to chamber pressure

Chamber pressure, p_i

Contains the values of pressure in table

of gas preperties

Density evaluated at the scmic ve]ocit:y

Contains the values of density in table of

gas properties

Sonic velocity

Indicates the type of starting Mach line

To store and print title card

Mach number for constant Mach number starting

line.

Indicates that nozzle flow is under expanded

Contains the values of local frozen sound

speed in table of gas properties

Minimum velocity ratio corresponding to PA
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Va r iab 1 e

W

WSOC2

WTOI.

X NI2'I

X

Y

Dime n s i on

100

I00

I00

Pratt & Whitney r-]ircraft

pkrA FR-]OPI

Vo llm',c V

Description

Contains the values of velocity ratio in

table of gas properties

Sonic velocity squared

Iteration tolerance on interior inter-

sect:ions

Floating point value of NUM

Cc,lluains X coordJ nat us; oi input contour

Contains Y coordiantes of input contour

I
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